Abstract-In ambient intelligence, pressure sensing can be used for detecting and recognizing objects based on their load profile. This paper presents a pressure scanning technique that improves weight-based object recognition, by adding information about the surface of the object in contact with the floor. The new high-resolution pressure scanning technique employs sub-pixel shifting to assemble a series of low-resolution scans into an aggregated high-resolution scan. The proposed scanning device is composed of 4 load-sensing tiles, on which the scanned object slides in regular movements. The result is a regular grid image of the object's contact surface, containing the weight of each section of the grid, as well as the corresponding centers of mass. A formal proof-of-concept is provided, together with experimental results obtained both on a noiseless simulated platform, and on a noisy physical platform.
I. INTRODUCTION
Ambient intelligence explores how sensing environments can interact with their inhabitants. We are interested in employing the sensors embedded in the environment for analyzing the activity of humans inhabiting it.
This work is a result of our exploration of load sensors' capabilities. The goal is to recognize the actors and the activities performed on sensing surfaces by analyzing the forces perceived by the surfaces. Our previous work has centered on detecting, tracking and recognizing static and dynamic entities in the environment using load-sensing floors [1] . This was done in the context of the Personally Assisted Living Inria project, that aims to develop ambient and artificial intelligence for human assistance. This paper presents a pressure scanning technique, which employs sub-pixel shifting to make a series of low-resolution scans, which are then assembled into a high-resolution scan. It exploits the information contained in the differences between the shifted scans, and aggregates this information to compute a composite pressure scan. The proposed pressure scanner architecture is composed of 4 load-sensing tiles. It calculates the weight transfer between the tiles when the analysed object slides over them. By using only the recorded mass and changements in the position of the center of mass, the scanner is able to reconstruct the contact surface of the object that slid on it. It also calculates the distribution of weight inside the surface of contact.
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1 Inria, Villers-lès-Nancy, 54600, France The rest of the paper is organized into 4 sections. Section II presents the previous work on sub-pixel shifting and other related techniques. Section III describes the scanning equipment required for obtaining pressure scans, and introduces the algorithm that aggregates the scanning data. In section IV, we describe the results we obtained through simulation on a noiseless platform, as well as results obtained experimentally, on a physical platform subject to noise. Section V draws a conclusion and presents the perspectives of this work for home automation and its applications for industrial settings.
II. RELATED WORK
High-resolution pressure scanning is usually performed using high-resolution pressure sensing devices (such as [4] and [8] ). These often have a non-negligible price tag, due to the high number of embedded sensors. This paper demonstrates that high-resolution pressure scanning is also feasible using a low-resolution sensor and techniques such as subpixel shifting, something which has not yet been attempted, to our knowledge.
Similarities can be identified between the pressure-sensing and imaging domains. The pressure perceived by a loadsensing surface is analogous to the amount of light perceived by an image-recording sensor. Both in imaging and pressure sensing, the sensor can be shifted by less than a pixel width to register a slightly different part of the incoming light or pressure. Two such sub-pixel shifted images, aligned along one of the two axes of the scan, can be assembled into a higher-resolution image, using the information gathered by the sub-pixel shift.
Such imaging techniques that construct a high-resolution image from several low-resolution images containing subpixel shifts have been proposed by Peleg et al. [5] , Keren et al. [3] , Tekalp et al. [9] and Tom et al. [10] .
The pressure sensor can also be composed of only one load-sensing tile, within a grid of other tiles that simply serve as physical support for the scanned object. Depending on how the object is placed on the sensing tile, the scanner will perceive new pressure data with every object placement that differs from the previous ones. Coupled with a system for identifying the displacement of an object's bounding box (e.g., a cartesian coordinate robot), it can be considered as the canonical scanner of such type, as it consists of a single detection element. A scanner equivalent in functionality while lacking the cartesian robot will be described in section III-A. 
The 1-sensing-tile scanner can be viewed as a single detection element scanner, for which the tiles that simply support the scanned object have the role of an aperture, that decides what portion of the object will be detected. This idea has been exploited in imaging, where a grid-like aperture was used to selectively allow light to pass through the aperture grid.
For instance, Huang et al. [2] used an LCD screen as an aperture in their implementation of the single detection element camera. The pixels of the LCD screen could turn transparent or non-transparent (black) to the incoming light, allowing different parts of the image to be perceived. The resolution of the obtained composite image was dependent on the resolution of the LCD screen used as apperture.
Both technologies (single detection element with a highresolution aperture, sub-pixel shifts of the aperture) can potentially be combined to compute images with even higher resolution.
III. METHODOLOGY

A. Scanning equipment
The instrument we use for scanning is constructed of 4 isostatic load-sensing tiles (see Fig. 1 ). The benefit of isostatic load-sensing tiles is the capability to calculate unambiguously the distribution of load on the sensors supporting the tile. The tiles are assembled so as to have vertical and horizontal frontiers between them, that will measure the flow of mass between the tiles (see Fig. 2 ). This type of scanner architecture can scan the contact surface of objects with size up to one fourth of the total scanning surface.
For clarity reasons, in the rest of the paper we will consider that the scanner is composed of only 4 square scanning parts, corresponding to the effective scanning area seen in Fig. 2a .
The object to be scanned is slid in a boustrophedon manner, with alternative horizontal and vertical translation movements over the plates (see Fig. 3a ), allowing the entire object surface to be scanned. After each translation movement, the tiles measure the weight and calculate the coordinates of the center of pressure for the object portion standing on them (see Fig. 3b ). Thus, at each step, the 4 tiles generate a low-resolution 4-sliced image of the load on the contact surface. These images are then assembled into a single grid-like high-resolution image of the contact surface (see Fig. 4b ).
The displacement brought by each translation can be measured by tracking the center of pressure of the object on the scanning surface. The coordinates of the object's center of pressure will correspond to the coordinates of the center of mass of a system of particles composed by the sensors of the scanner, where each particle's mass is proportional to the weight perceived by the corresponding sensor. The distance travelled by the object's center of pressure corresponds to the distance travelled by its bounding box.
The translation movements can be performed by a cartesian coordinate robot (like the one presented in [7] ), if the goal is to achieve high precision. For less precise scanning, the object can even be translated by hand, and scanned once the translation movement is completed and no exterior forces act on the object.
The problem can be schematically reduced to determining the weight of each pixel in the load-image representing the contact surface of the analysed object (see Fig. 4 ). Any given two load images can be assembled into a higher resolution image if both are subdivided by a common x or y line. This line is used for aligning the two images, creating the additional high-resolution image subdivisions.
The scanning resolution can be modified by changing the object shifting step: bigger steps lead to less gathered information, and therefore to lower-resolution final scans,
(a) Overlapping of two lowresolution load images.
(b) Aggregate of two overlapping low-resolution load images. and vice versa. The maximum spatial resolution depends on three factors: the precision of the object translation, the sensitivity of the pressure sensor, and the sensor noise. The noise level of the sensor must be inferior to the recorded pressure value in each pixel. This means that a noisy sensor will be able to make high-resolution scans only for heavy objects.
The object translation movements must not be accompanied by rotations, as they skew the scanned load images, preventing them from aggregating into a sharp, non-ambiguous load-distribution image. Considering the gradual calculation of the pressure scan image, the errors are cumulative, propagating themselves through the scan. Fig. 5 presents an example of skewing due to object rotation. The scanning speed depends on the speed of object manipulation, and on the measuring frequency of the sensor. Due to the presence of sensor noise, several measurement must be made from which the most probable pressure value is calculated. For example, a system able to translate the scanned object at a speed of 1 translation per second, and taking 1 second to measure the weight of the object on the scanner, scanning an object of size 1 m 2 , with a resolution of 1 cm 2 , would require 10 000 measurements, which would take 5.5 hours to record. Scanning the same object at a resolution of 10 cm 2 would require 100 measurements, and take only 3 minutes 20 seconds of time.
B. Scanning algorithm
Each scan of the object generates 4 pieces of information, provided by the 4 tiles of the scanner (see Fig. 3b ), that contain: the coordinates of the scanned object portion, the weight of this object portion, and the center of pressure of this portion.
The scanned pieces of the object are stored in a list of type objectPiece. Each objectPiece contains 6 fields: the x and y axes that bound it (xLeft, xRight, yTop, yBottom), its weight, and the coordinates of the center of pressure. These object pieces are then assembled into a high-resolution image using the pressure-image registration algorithm described hereafter.
Each time a new piece of the object bounding box is scanned, the algorithm checks if this piece contains or is contained by another known piece. If the new piece contains another known piece, the surface and weight of the latter is subtracted from the new piece, thus reshaping the new object piece that has to be added to the scan. If the new piece is contained by another known piece, the latter is split in 2: the new piece, and the piece obtained by subtracting the new piece from the one already known.
Performing this type of scanning while moving the object in a regular manner generates a pressure grid. Fig. 6 offers an intuition on the way the algorithm executes itself.
The pressure-image registration algorithm is presented in pseudocode in Algorithm 1. Its worst case complexity is quadratic in the number of object pieces already scanned. This can be reduced to linear complexity by comparing only pieces that share 3 common bounds. For clarity reasons, this optimization was ommited in the paper.
The boustrophedon algorithm simply moves the object as shown in Fig. 3a , and generates the corresponding scan after each translation. This procedure, that allows all the sections of the object to be scanned, is detailed in Algorithm 2. The boustrophedon algorithm has a complexity of O(1) in the desired scan resolution.
IV. EXPERIMENTAL RESULTS
Experiments have been done both using a simulator of load-sensing tiles that we developped for our work on sensing floors for ambient intelligence, and using a realworld implementation of the scanner. These experiments are detailed in the following sections.
A. Scanning simulation
As presented in section III-A, the scanner was simulated using 4 load-sensing tiles. The object to be scanned was represented using a set of pressure points, which correspond to the surface of the object in contact with the scanner (see Fig. 7a ). By translating the object following a boustrophedon trajectory, we obtain a pressure scan of the object's surface in contact with the scanner, as shown in Fig. 7 . The scan result for an object with different pressure intensities inside its contact surface is presented in Fig. 8 . These pressure differences were represented as grayscale intensities in the final result.
Given that the sensing tiles can not only weigh the portion of the object they support, but also calculate the center of pressure for that portion, the pressure scans can be augmented using information about the centers of pressure in each cell of the pressure-grid scan.
B. Physical experiment
The physical experiment was implemented on a scanner composed of square sensing tiles. These tiles are 60 cm x 60 cm in size, made of 3.8 cm thick wood, and are mounted on a floating floor structure that supports them. Each tile is equipped with 4 load sensors (one in each corner, as shown in Fig. 9b ). This equipment is described in more detail in [6] and [1] . Although these tiles are non-isostatic, this has not hindered the experimental results.
The scanned object was a chair, weighing 5 kg, and with the chair legs forming a trapezoid shape (see Fig. 9a) . Given the high level of noise on our platform (±2.5 kg), the chair was loaded with additional 40 kg of weight disks, to generate a pressure scan that would be easily discernable from noise.
First, the tiles were calibrated, after which the average zero-pressure value was recorded for each load-sensing tile, when no objects were placed on the scanner. This served as reference for the ulterior measurements.
The scanned object was then placed on the scanner and weighed by each load-sensing tile. The pressure values for each of the 4 tiles were calculated by averaging the pressure values over 50 measurements (which takes 1 second at 50 Hz with the current prototype). The position of the object was measured by hand using the millimeter paper. It could not be done automatically by calculating the position of the center of pressure, because the load sensors were subject to noise, while canMoveObjectRight() do 6: moveObjectRight(); 7: scanObject(); 8: addPiece(topLeftPiece); 9: addPiece(topRightPiece); 10: addPiece(bottomLeftPiece); which would have prevented the alignment of measurements into a grid. The translations were carefully done by hand, which also constituted a possible source of error.
Due to the manual translation required for each measurement, the experiment, which consisted of 100 measurements, lasted for 2 hours. The duration of the experiment, combined with the load placed on the tiles (45 kg) introduced hysteresis-related errors towards the end of the experiment. However, according to the sensor specification, this error is bounded to 0.03% of the full scale measurement, and is thus negligible.
The results of the scan are presented in Fig. 9c and 9d . The noise present in the scan is related to the sensor noise, and was removed using a rough threshold filter, with a threshold set at 2x the noise of an individual sensor. Noise filtering done using a statistical model of the sensor noise should yield even finer results.
Unfortunately, the sensor noise on our current platform (±2.5 kg) did not allow us to scan objects with a more complex surface (containing more than 10 pixels), as this would have required them to be too heavy to manipulate. 
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C. Open questions
There is no proof that the boustrophedon trajectory is optimal in terms of highest gain of information in the lowest possible number of translations of the object. Finding the optimal (quickest) trajectory for scanning an object with the described sensor in order to find the geometry and the pressure in each point of its contact surface remains an open question.
It would also be interesting to scan objects that don't move in a regular fashion, but which are augmented by an orientation sensor. These objects can be scanned at the moments when their orientation matches with the one required by the scanner.
Fine-grained noise filtering using a statistical model of the noise is also of great interest for these platforms. It would allow to greatly improve the accuracy of measurements, enabling pressure scanning for more lightweight objects.
V. CONCLUSION AND PERSPECTIVES
This paper presents a new type of high-resolution pressure scanning technique, which employs sub-pixel shifting on a low-resolution load sensor to generate and assemble a highresolution pressure scan. The proposed scanner architecture is composed of 4 load-sensing tiles, on which the scanned object is translated vertically and horizontally in a boustrophedon manner using sliding moves. A formal proof-ofconcept was provided, together with a set of experimental results obtained on a noiseless simulator and on a physical implementation of the scanner.
This system could be used for measuring the weight distribution on surfaces. For instance, on transportation lanes, it can check for abnormalities in weight distribution between the front and rear driving axles of vehicles. The same applies for railroad tracks, where it can measure the weight distribution of the rolling stock. In an industrial setting, this technique could be used for measuring the density in each slice of a block of metal or other material.
It can also be used as a floor sensor in sensing environments, recognizing mobile objects by their surface in contact with the ground. In the context of sensing environments equipped with floors consisting of this type of load-sensing tiles, this scanning system could provide a way for obtaining footprints, thus offering input data for human recognition algorithms.
Pressure surface scanning provides a new way of interpreting load data, which is distinct from the common ground reaction force profile interpretation. It improves weightbased object recognition, adding information about the floor projection of the object's shape.
